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The au toxida t ion  of aqueous s o l u t i o n s  of s u l f u r  dioxide ( s u l f i t e ,  
b i s u l f i t e )  is a c l a s s i c  problem i n  chemistry. 
r e a c t i o n  have been known s ince  e a r l y  i n  t h i s  cen tury ,  when i t  was 
e s t a b l i s h e d  t h a t  t h e  r e a c t i o n  i s  t r a c e  metal ion ca ta lyzed  ( 1 )  and most 
l i k e l y  involved f r e e  r a d i c a l s  ( 2 ) .  Cer ta in  chemical e f f e c t s  assoc ia ted  
with s u l f i t e  au toxida t ion  were noted a l s o .  Before t h e  t u r n  of t h e  
century,  i t  was repor ted  t h a t  s u l f i t e  would induce t h e  oxida t ion  of 
t r a n s i t i o n  metal ions ( 3 )  and i t  was reported l a t e r  t h a t  t h e  oxida t ion  of 
organic  compounds was brought about during s u l f i t e  au toxida t ion  ( 4 ) .  
Conversly, i t  was repor ted  a l s o  t h a t  organic  compounds could s e r v e  as 
i n h i b i t o r s  of s u l f i t e  au toxida t ion  ( 5 ) .  

Basic f e a t u r e s  of t h i s  

Over the past century t h e r e  have been a g r e a t  many s t u d i e s  on s u l f i t e  
autoxidat ion ( 6 ) ,  including s t u d i e s  on t h e  r a t e  of t h e  r e a c t i o n  i n  t h e  
presence of c a t a l y s t s  and i n h i b i t o r s ,  measurements of t h e  amounts of 
s u l f i t e  and d i t h i o n a t e  found under var ious condi t ions ,  t h e  determinat ion 
of the  products a r i s i n g  from t h e  a d d i t i o n  of organic  ( inc luding  
biochemical) cmpounds, and s t u d i e s  on t h e  e f f e c t s  of mixed c a t a l y s t s .  
Yet, a q u a n t i t a t i v e  understanding of t h e  r e a c t i o n  has been e lus ive  (7 ,8 ) .  
This  i s  due l a r g e l y  t o  a lack  of q u a n t i t a t i v e  d a t a  on t h e  elementary s t e p s  
i n  t h e  o v e r a l l  r e a c t i o n ,  including d a t a  on t h e  r a t e s  of t h e  f r e e  r a d i c a l  
r e a c t i o n s  l i k e l y  t o  be important. 

Recently, we have c a r r i e d  out  s t u d i e s  on t h e  free r a d i c a l  
chemistry of s u l f i t e .  These s t u d i e s  have included k i n e t i c  measurements on 
t h e  r e a c t i o n s  of organic  and inorganic  f r e e  r a d i c a l s  with s u l f i t e  and 
b i s u l f i t e ,  and on the  r e a c t i o n s  of t h e  s u l f i t e  der ived r a d i c a l s  SO, 
SO5- with organic  and inorganic  s u b s t r a t e s .  In  t h i s  paper ,  I w i l l  review 
some of our r e s u l t s  and r e s u l t s  from o t h e r  l a b o r a t o r i e s  on t h e  r a d i c a l  
chemistry of s u l f i t e  and d iscuss  t h e s e  r e s u l t s  i n  r e l a t i o n  t o  t h e  problem 
of SO2 autoxidat ion.  

- 
and 

Rate cons tan ts  f o r  the  r a d i c a l  r e a c t i o n s  were c a r r i e d  out  using pulse  
r a d i o l y s i s .  Br ie f ly ,  a N 2 0  s a t u r a t e d  s o l u t i o n  is pulse  i r r a d i a t e d ,  w i t h  
high energy e l e c t r o n s ,  producing OH r a d i c a l s .  

H 2 0  

e-aq + N 2 0  + H p O  + N 2  + OH + OH- 

(The small  amount of H atoms produced usua l ly  does not  i n t e r f e r e . )  
r e a c t s  w i t h  s u l f i t e  o r  b i s u l f i t e  t o  produce t h e  SO3- r a d i c a l  

The OH 

OH + H S 0 3 -  + H 2 O  + BO,- 

OH +  SO,^- + OH- + io3- 
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or  wi th  some o t h e r  Organic or inorganic  s u b s t r a t e  t o  produce another 
des i red  r a d i c a l  

OH + S + OH- + 8+ 

The o p t i c a l  absorpt ion of SO3: e x h i b i t s  Xmax = 225 nm with = 
1000M-lcm-l ( 2 ) .  
reac t ions  of SO3- w i t h  o t h e r  s u b s t r a t e s  s ince  t h e  uv absorpt ion of most 
o ther  s u b s t r a t e s  o r  t h e i r  r a d i c a l s  mask t h i s  r e l a t i v e l y  weak absorpt ion.  
Therefore. the  o p t i c a l  absorpt ion of the  o ther  r a d i c a l  protuct  (or 
r e a c t a n t )  was monitored. 
ascorbate ,  the  ascorba te  r a d i c a l  absorpt ion a t  360 nm was 
monitored; the  r e a c t i o n  of the r a d i c a l  f2- w i t h  HS03-/S032- was monitored 
a t  380 nm, the  absorp t ion  maxima f o r  I2 . 
Oxidation of s u l f i t e  and b i s u l f i t e  by f r e e  r a d i c a l s  

This absorpt ion is  not  convenient f o r  following the  

For example, i n  t h e  r e a c t i o n  of SO3- w i t h  

We h a v e  found t h a t  s u l f i t e  and b i s u l f i i e  undergo one-electron 
oxidat ion by many f r e e  r a d i c a l s  t o  produce SO3-. 
determined f o r  s e l e c t e d  r a d i c a l s  a r e  given i n  Table 1 .  Measurement of the 
r a t e  constant  over a wide range of pH has ,  i n  sane cases ,  allowed t h e  
separa te  de te rmina t ion  of r a t e  cons tan ts  f o r  t h e  oxidat ion of s u l f i t e  and 
b i s u l f i t e .  
ox id ize  b i s u l f i t e  f a s t e r  than s u l f i t e .  For r a d i c a l s  are weaker oxidants ,  
t h e  r e a c t i o n  with s u l f i t e  i s  t h e  f a s t e r .  For example, with Br2- the  r a t i o  
of r a t e  c o n s t a n t s  f o r  s u l f i t e  t o  b i s u l f i t e  i s  about 4; f o r  t h e  even weaker 
oxidant I*- the r a t i o  is about 200. 
c a t i o n ,  t h e  r e a c t i o n  wi th  s u l f i t e  is very f a s t  (k - 10gM-ls-l) while t h e  
r e a c t i o n  w i t h  b i s u l f i t e  is  too slow t o  measure (k<8x105M-’s-’). 

Rate cons tan ts  

The very s t r o n g  oxidants  OH and SOQ- reac t  very rap id ly  and 

For the  dimethylani l ine r a d i c a l  

These observa t ions  on both the r e l a t i v e  and absolu te  r a t e s  of 
reac t ion  of r a d i c a l s  with s u l f i t e  and  b i s u l f i t e  can be compared w i t h  
observat ions made on the  r e a c t i o n s  of t r a n s i t i o n  metal ions wi th  SO2 
so lu t ions .  T y p i c a l l y ,  a s t r o n g ,  p o s i t i v e  pH dependence is measured f o r  
these r e a c t i o n s .  T h i s  usual ly  i s  i n t e r p r e t e d  a s  suggest ing t h a t  s u l f i t e ,  
not  b i s u l f i t e ,  is t h e  important r e a c t a n t .  Since these  metal ions a r e  
r e l a t i v e l y  weak oxidants  (E < 1V). t h i s  conclusion would appear t o  be 
j u s t i f i e d .  For M n ( I I I ) ,  w h i c h - i s  a s t rong  oxidant  (Eo - 1 . 4 V ) ,  r eac t ion  
w i t h  b i s u l f i t e  appeared t o  be important (10).  

Reactions of s u l f i t e  r a d i c a l s  

Rate c o n s t a n t s  f o r  t h e  r e a c t i o n s  of io3-  w i t h  a wide v a r i e t y  of 
organic  compounds have been measured; some of these  r e s u l t s  a r e  summarized 
i n  Table 2. The s u l f i t e  r a d i c a l  was found to  oxidize ascorba te ,  t r o l o x  (a  
water s o l u b l e  tocopherol  d e r i v a t i v e ) ,  methoxyphenol, hydroquinone and 
other  phenol ic  compounds, su l fona ted  hydroquinones. phenylenediamines, and 
phenothiazines w i t h  r a t e  cons tan ts  ranging t o  109M-1s-1. 
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Rate constants  f o r  one-electron redox r e a c t i o n s  depend upon t h e  
r e l a t i v e  reduct ion p o t e n t i a l s  of t h e  r e a c t a n t s .  We have been a b l e  t o  
der ive  t h e  one-electron reduct ion  p o t e n t i a l  of io3- by measuring t h e  
equi l ibr ium cons tan t  f o r  i ts  r e a c t i o n  with chlorpromazine 

so3- + ClPz t ~032- + ClPz+ 

This  l e d  t o  a reduct ion p o t e n t i a l  of 0.84V v. NHE at pH 3.6 f o r  t h e  couple 
so -/HSO -. 
This  change i n  p o t e n t i a l  helps  expla in  why oxidized by t h e  same 

The reduct ion  p o t e n t i a l  of t h e  couple i n  b a s i c  
so?ut ion3is  ca lcu la ted  (from the  pKa of HSO + S032-)  t o  be 0.63V. 

oxidant  more r e a d i l y  than  HS03-. 

one-electron reduct ion p o t e n t i a l  for Soh2 . 
be done by subt rac t ing  E(S03-)=0.63V from twice t h e  two-electron reduct ion  
p o t e n t i a l  f o r  s u l f i t e  

Using t h e  reduct ion p o t e n t i a l  f o r  SO3- we can c a l c u l a t e  t h e  
I n  b a s i c  s o l u t i o n ,  t h i s  can 

Sob2- + H 2 0  + 2e- -t S032- + ZOH-, E = -0.92V. 

This  l e a d s  t o  

Soh2- + H20 + e- -t SO3- +20H-, E= -2.47V. 

Although t h i s  suggests  t h a t  SO3- can a c t  as a s t rong  r e d u c t a n t ,  t h i s  
c a l c u l a t i o n  possibly s e r i o u s l y  o v e r s t a t e s  i ts  a c t u a l  reducing power. This  
is  because t h e  i n i t i a l  product of the  e l e c t r o n  t r a n s f e r  would be SO3. not  
Sou2- which r e s u l t s  f r m  subsequent hydro lys is .  The enthalpy d i f f e r e n c e  
between S03eaq and SO4*- is not known, but probably is  g r e a t e r  than  t h a t  
between S02saq and S032- (3.24V) ( 1 1 ) .  
e l e c t r o n  p o t e n t i a l  f o r  t h e  S03/S03-  couple would be g r e a t e r  than 0.77 V 
and SO3- would t h e r e f o r e  be a very poor reductan t .  

Possibly t h e  most important r e a c t i o n  of t h e  s u l f i t e  r a d i c a l  i n  
au toxida t ion  systems i s  with molecular oxygen. 
suggested t o  l e a d  e i t h e r  t o  02- or t o  t h e  peroxy r a d i c a l  SO5- 

I f  t h i s  is  c o r r e c t ,  t h e  one 

The r e a c t i o n  has been 

By determining t h e  r e a c t i v i t y  of the  product r a d i c a l  w i t h  ascorba te ,  we 
were a b l e  t o  demonstrate t h a t  t h e  former r e a c t i o n  i? very unl ike ly  and 
concluded t h a t  t h e  product is the  peroxy r a d i c a l ,  SO5 . - 

Reactions of t h e  peroxysul fa te  r a d i c a l  

I n  Table 3 are l i s t e d  some r a t e  cons tan ts  f o r  r e a c t i o n s  of St,-, 
along wi th  some values  for SO3- and SO4- for comparison. The r e s u l t s  show 

t h a t  Sb5- is a s t ronger  oxidant than 503- (but  weaker than S64-) and we 
have est imated its one-electron reduct ion  p o t e n t i a l  t o  be about 1.1V a t  pH 
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so5- + x . *  ~ 0 ~ 2 -  + X+ 

X+ + ~ 0 ~ 2 -  + x + so3- . 
In sulfite autoxidation, an exceedingly important reaction is that of 

SO - with S03'-/HS0 -. 
th?s reaction, but Zave not been able to establish its mechanism. 

We have been able to derive a rate constant for 

Three paths are possible for this reaction 

so5- + so32- + H+ + H S O ~ -  + so3- 

Since both OH and S04- very rapidly oxidize S032- -, these paths are 
indistinguishable in our experiments. The identitiooSo? he correct path is 
quite important since the production of HS05- can lead to possible chain 
branching steps. 
reduction by a host of organic compounds. 
these reactions are consistant with that derived for the reaction of SO5- 
with SO '-. 
the mos? likely. 

This product of the one-electron reduction of SC5- (HS05-, 
peroxymonosulfate. Caro's acid). is a strong oxidant with a standard 
two-electron reduction potential of 1.82V (12). A product with the 
properties of peroxymonosulfate has been observed with a yield up t o  30% 
upon bubbling oxygen through a solution of sodium sulfite (13). This 
compound can undergo many possible subsequent reactions. From the present 
point of view, the most important would be the further production of free 
radicals, most likely upon reaction with transition metal ions, for  
example 

We do know that SO5- undergoes this one-electron 

I therefore conclude that the mechanism producing HS05- is 

Further, the rate constants,for 

Fe2+ + HS05- + Fe3+ + OH + 

+ Fe3+ + OH- + SO4- 

In a mechanism for the iron catalyzed autoxidation of sulfite, this would 
be a chain branching step. 
with HSO -, in acid, does lead to free radicals, but is somewhat more 
complex cihan written above (14). 

We have some evidence that the reaction of Fe2+ 

9 
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Conclusions 

It has been apparent f o r  some time t h a t  the  i n h i b i t i o n  of s u l f i t e  
autoxidat ion by organic  compounds is  due t o  r e a c t i o n  of f r e e  r a d i c a l  

chemical e f f e c t s  assoc ia ted  w i t h  SO2 autoxida t ion  a r e  due t o  these o r  
o ther  r e a c t i v e  intermediates .  Now t h a t  t h e  r e a c t i v i t i e s  of many Of these 

understood. For many organic  compounds, l i k e  hydroquinone and o t h e r  
phenolic s p e c i e s ,  r e a c t i o n  wi th  S03-.and SO5- is poss ib le .  Indeed, they 
prove t o  be the  most e f f i c i e n t  i n h i b i t o r s  of SO2 autoxida t ion .  
organic  compounds l i k e  mannitol o r  fumarate ,  only r e a c t i o n s  with Sob- 2r 
OH a r e  l i k e l y .  
might be possible .  

/ intermediate  with these  compounds. Fur ther ,  i t  seems l i k e l y  t h a t  t h e  

I intermediates  a r e  known, t h e  mechanism of these  e f f e c t s  can be begun t o  be 

) 

For o t h e r  

In  some cases ,  i n h i b i t i o n  by d i r e c t  r e a c t i o n  wi th  HS05 

The r e s u l t s  we have obtained on t h e  one-electron oxida t ion  of s u l f t  
and b i s u l f i t e  by f r e e  r a d i c a l s  a l s o  a r e  important i n  understanding 
poss ib le  chain i n i t i a t i o n  and chain car ry ing  s t e p s  i n  SO2 autoxida t ion .  
This is p a r t i c u l a r l y  t r u e  i n  systems which do not c o n s i s t  simply of SO2 
and a c a t a l y s t .  For example, the  production and subsequent r e a c t i o n  of 

e 

h a l i d e  f r e e -  r a d i c a l s  could be important i n  any system conta in ing  halogen 
ions.  The observat ion t h a t  many organic  f r e e  r a d i c a l s  can r e a c t  with 
s u l f i t e  a l s o  could be important i n  understanding these  complex systems. 
Some organic  f r e e  r a d i c a l s  can be  formed e a s i l y  by  r e a c t i o n  of the  parent  
with 02.  
t h e y  could provide new, e f f i c i e n t ,  c a t a l y s t s  f o r  SO2 autoxida t ion .  

I f  these r a d i c a l s  r e a c t  w i t h  s u l f i t e  but a r e  otherwise s t a b l e ,  

Although t h e  s tudy of SO2 autoxida t ion  is over 100 years  o l d ,  t h e  
direct  s tudy  of t h e  r e a c t i v e  in te rmedia tes  i s  j u s t  beginning. I n  real- 
world systems, ranging from atmospheric d r o p l e t s  t o  f lue-gas  scrubbers ,  
these  r e a c t i o n s  w i l l  t ake  p lace  under a wide range of pH. temperature ,  and 
i o n i c  s t r e n g t h .  A s  these  r e a c t i o n s  become b e t t e r  understood, they can be 
used t o  model t h e s e  sytems and, u l t i m a t e l y  t o  cont ro l  them. 

Y 
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Table 1 . Rate Constants f o r  Reactions of S u l f i t e  w i t h  Radicals  

Reaction - PH k(M-'s-' ) re ference  

- 

- 
- 

- 

7 
u . 2  

10 

3 
6.7 

1 1  

1 1  

1 1  

2.5 
* 
13 

3.6 
10.9 

3.6 

9 . 5 ~ 1 0 9  

5 . 5 ~ 1 0 ~  

- >5x1 O8 

3 . 3 ~ 1  O7 

6 . 9 ~ 1  O7 
2 . 6 ~ 1  O8 

- > 1 ~ 1 0 9  

1.1x106 

1x107 

1.9x108 

1x107 

N R  

4 . 8 ~ 1  O6 

4x1o9 
<3x104 

<aX1 05 

9.9x108 
-5x1 O5 

a 

a 
b 

b 

C 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

e 

NR No r e a c t i o n  de tec ted  (k<105M-1s-1). The redox p o t e n t i a l s  for  N H 2  and 
SO3- r a d i c a l s  appear t o  be very s i m i l a r ,  judging from r a t e  cons tan ts  f o r  
t h e i r  r e a c t i o n s  w i t h  severa l  r e a c t a n t s .  

* Calculated from t h e  pH dependence of t h e  rate cons tan t .  

( a )  Adams, G .  E . ;  Boag, J .  W . ,  Proc. Chem. x. 1964, 112. 
( b )  Hayon, E.  ; T r e i n i n ,  4 . ;  W i l f ,  J., 2. &I. -. @. 1972, e, 47. 
( c )  Hasegawa, K . ;  Neta, P . ,  J .  Phys .  Chem. 1978, 82, 854. 
( d )  Neta, P . ;  Huie, R. E . ,  J .  Phys.'Chem., submit ted.  
( e )  Huie ,  R .  E . ;  Neta, P . ,  J .  Phys. Chem., 1984, E, 5665. 
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Table 2. Rate constants for Reactions of SO3- Radicals with Various 
Reactants 

Reactant F!!! k(M-ls-l) reference 

ascorbic acid 
ascorbate ion 
ascorbate dianion 
trolox 
phenol 
p-methoxyphenol 
p-methoxyphenol 
hydroquinone 
hydroquinone 
hydroquinone 
p-phenylenediamine 
p-phenylenediamine 
p-phenyl enedl amine 
N,N,N',N'-tetramethyl-p- 
phenylenediamine 
N,N,N',N'-tetramethyl-p- 
phenylenediamine 
chlorpromazine 
02 

<3 
5-1 0 

>12 
9 

11 . 1  
9.2 
12.4 
8.9 
10.5 
12.9 
3.4 
5.3 
9.3 

4.5 

9.5 
3.6 
6.8 

<lo6 
9x1 06 

-1 06 

4x1 07 
1.2x108 

3x1 O8 

6x1 05 

4 . 5 ~ 1 0 ~  
5.4~107 
3 . 2 ~ 1 0 ~  

4 . 2 ~ 1 0 ~  
50x1 07 

8 . 2 ~ 1 0 ~  

5.2~1 g8 
- 5 ~ 1 0  
1.5~1 O9 

<5x105 

a 
a 
a 
a 
b 
b 
b 
C 
C 
C 
d 
d 
d 

d 

d 
b 
b 

(a)  Huie, R. E.; Neta, P., =. g. Interact., 1985, in press. 
(b) Huie, R. E.; Neta, P., J .  m. Em, E, 5665. 
(c) Huie, R. E.; Neta, P., manuscript in preparation. 
(d) Neta, P.; Huie, R. E., J.  w. =., submitted 

Table 3. Canparison of Sane Rate Constants for Reactions of 
SO3-. SO5-. and SO4- with Organic Canpounds (in M-ls-') 

Reactant 5 
ascorbic 
ascorbate 
trolox 
aniline 
N ,N-dimet hylaniline 
tyrosine 
tryptophan 
histidine 
i -ProH 
ethanol 
fumarate 
succinate 
allyl alcohol 
glycine 
HS03- 

<lo6 
9xb06 

-1 0 
(reverse) 
(reverse) 
<lo6 

~~1 o4 

<lo3 

(105 

<lo3 

NR 

- 
NR 

- 

2x1 06a 

1.2x 07a 

lx107b 

1 .4xl 08a 

3x1 Obb 

~ 1 0 3 ~  

- 

3x1 06e 

1) 

* 

i 

- 3 ~ 1  OgC 
- 2 ~ 1  ogc 
-2.5~109~ 
- 8 ~ 1 0 7 ~  
3 x 1  0 7 ~  
-2x1 0 7 ~  

1 .5x 09c 

-1 09c 

7.1~10~' 

-9x1 obc 
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